Food chain models are essential tools to assess risks of soil contamination in view of product quality including fodder crops and animal products. Here we link soil to plant transfer (SPT) models for potentially toxic elements (PTEs) including As, Ba, Cd, Co, Cu, Hg, Ni, Pb, Sb, U and Zn with models describing accumulation in animal organs. Current EU standards for food products and acceptable daily intake levels (ADI) for humans were used as critical limits. The combined model is used to assess the impact of soil contamination on animal health, product quality and human health using data from 100 arable fields. Results indicate that 42 existing arable fields near industrial and mining sites are unsuitable for animal grazing in view of food safety due to elevated intake of Cd, Cu, Hg and Pb by cows and sheep. At 10 sites daily intake levels of As by cows exceeded threshold concentrations regarding the quality of animal products. The food chain model also was used inversely to derive soil threshold concentrations in view of EU fodder standards. Calculated threshold levels in soil for As, Cd, Cu, Pb, Hg and Zn appear to be in line with those proposed or used in other EU countries. As such the approach applied here can form a conceptual basis for a more harmonized risk assessment strategy regarding the protection of animal and human health.
Introduction
The EU Thematic Strategy for Soil Protection has clearly identified food and biomass production as one of the key soil functions since the quality and safety of feed and food that are traded freely within the internal market can influence animal and human health throughout Europe (EC, 2006a) . Cases of contamination of animal feeding stuffs within the EU have been reported in the past (Beresford et al., 2001; Crews et al., 1992) . Hence, it is crucial to develop tools to characterize the pathways relating to soil contamination, plant uptake, dietary transfer of contaminants to animals and finally consumer exposure from dietary intake of plant and animal products. Such tools can be used to determine threshold concentrations of potentially toxic elements (PTEs) in soils in order to deliver safe and high-quality products (de Vries et al., 2007; Franz et al., 2008) . To do so, models that use levels of PTEs in soil to predict PTE levels in feed and food crops are needed.
Recent studies reported that the use of a constant bioconcentration factor (BCF) is not appropriate to describe the transfer of PTEs from soils to plants in a wide range of soils (de Vries et al., 2007; Römkens et al., 2009a Römkens et al., , 2009b . Mechanistic models however, capable of predicting plant levels for an array of PTEs have not yet been developed, let alone validated under field conditions (Swartjes, 2011) . Therefore, empirical models have been proposed as a first approximation to describe soil to plant transfer (SPT). To account for differences in the availability of PTEs in various soil types, important soil properties including pH and CEC have been included in such models (Efroymson et al., 2001; Krauss et al., 2002; Römkens et al., 2009b) . The majority of these studies however considered a limited number of PTEs usually including cadmium (Cd) and lead (Pb) whereas the applicability of the model approach for elements like arsenic (As), nickel (Ni), chromium (Cr), uranium (U), antimony (Sb) has not been tested yet.
To overcome this limitation and to assess the general validity of the SPT approach concentrations of eighteen metals and metalloids in soil (Hg, As, Cu, Pb, Zn, Cd, Ni, Cr, Co, Ba, U, Fe, Mn, Al, Sb, Se, B and Mo) and field-grown feed and food crops were used to derive SPT relationships. Using the SPT models, the exposure of both animals and human to soil contaminants was quantified for some food chains. Finally, SPT transfer models were used to derive soil threshold concentrations for various PTEs in view of existing EU food and fodder quality criteria aiming at the protection of animal and human health (de Vries et al., 2007; Römkens et al., 2009b) . areas included non-contaminated arable fields from a rural area as well as fields impacted by industry (Chemical Complex of Estarreja) and mining activities (Aljustrel, Caveira and Lousal mines). Such sampling areas were selected in order to obtain samples with a wide range of contamination levels for the various elements. For this, the geogenic variability of PTEs in Portuguese soils (Inacio et al., 2008) as well as previous studies in contaminated sites in Portugal were taken into account. More information on the location of sampling sites as well as the degree of contamination is published elsewhere (Rodrigues et al., 2010a) .
In total, 105 soil samples (0-15 cm depth) and 105 plant pairs of samples were analyzed. The database contains 73 samples of ryegrass (Lolium perenne), 9 samples of Italian ryegrass (Lolium multiflorum), and 23 samples of collard greens (Brassica oleracea). Mature plants were sampled at time of harvest together with soils. Soil samples were taken in the immediate vicinity of the roots of the crop samples. For grass approximately 100 g of fresh plant material was collected from both roots and shoots, and transferred into plastic bags. In the case of collard green, one entire plant (root, stem and several leaves) was sampled at each point.
Pre-treatment and analysis of soil and plant samples
Soil samples were air dried until constant weight and sieved at b2 mm. The pH CaCl2 of the soil samples was determined according to the ISO 10390:1994 procedure. To determine organic carbon (OrgC) concentration, carbonates were removed by treating the soil with hydrochloric acid prior to elementary analysis (ISO 10694:1995) . Particle size distribution of soil samples was determined using a Coulter LS230 laser diffraction particle size analyzer. Concentrations of amorphous Fe and Al oxides (Fe ox and Al ox ) were determined after extraction of 2.50 g of soil with 50 mL of a 0.1 M oxalic acid solution buffered to pH 3 by ammonium oxalate (Rodrigues et al., 2010a) .
Total Hg concentrations in soil samples (b2 mm) were determined by thermal decomposition atomic absorption spectrometry with gold amalgamation (LECO model AMA-254) as described by Rodrigues et al. (2010a) . Total pools of the remaining PTEs were determined after destruction by aqua regia (ISO 11466:1995) by inductively coupled plasma mass spectrometry (ICP-MS; ISO 17294-1:2005 and ISO 17294-2:2003) . The available pool of PTEs was obtained by extraction using a 1:10 (w:v) 0.01 M CaCl 2 (Houba et al., 2000) . Further details on soil analysis is published by Rodrigues et al. (2010a Rodrigues et al. ( , 2010b .
Plant samples were thoroughly cleaned with tap water and a brush to remove traces of dust and adhering soil from the roots and leaves. Samples were subsequently rinsed with distilled water (Válega et al., 2008) . After washing, all plant samples were dried at 45°C until constant weight for at least 4 days (Válega et al., 2008) . The dried samples were ground manually in an agate mill.
Determination of total Hg concentrations in dried samples from plant shoots was also carried out using a LECO model AMA-254. No sample digestion was involved on this process and the analyses were performed in triplicate and directly on the solid samples (Costley et al., 2000) . The recovery of total Hg in the certified reference material (BCR 060 -Aquatic plant (Lagarosiphon major)) ranged from 82.8% and 119.9% (mean: 93.4%; n = 22). The concentrations of the remaining metals and metalloids in all plant samples (shoots) were determined by ICP-MS after aqua regia digestion. Vegetation samples were pulverized at 450°C and a 0.5 g split of each material was leached in hot (95°C) aqua regia (HCl-HNO 3 -H 2 O) for 60 min. Solutions were aspirated into an ICP-MS and 17 elements were analyzed (detection limit between brackets in mg L − 1 unless stated otherwise): Mo (0.01), Cu (0.01), Pb (0.01), Zn (0.1), Ni (0.1), Co (0.01), Mn (1), Fe (0.001%), As (0.1), U (0.01), Cd (0.01), Sb (0.02), Cr (0.1), Ba (0.1), B (1), Al (0.01%), and Se (0.1). Duplicate plant samples were digested and analyzed. Six blanks and a total of 8 samples of two internal reference materials were included in the samples batch for analytical quality control (recovery for the various elements was between 88.9% and 117.6%).
2.3. Statistical analysis of data and model concept SPSS 10.0 for Windows was used for descriptive statistics and for statistical analysis of data. In Fig. 1 the overall outline of the model concept applied here is shown. First, levels in crops are calculated using non-linear SPT relationships based on field data (Section 2.3.1). Together with the levels in soil, calculated levels in plants are subsequently used to calculate the daily intake by animals and accumulation in specific animal organs including kidney and liver being the most sensitive ones in view of animal health and food quality (Section 2.3.2). Finally the quality of arable crops and animal products is combined to calculate human exposure (Section 2.3.3) using current ADI levels across the EU. Inverse use of the model chain finally allows for the calculation of soil standards based on critical quality levels in crops and animal products (Section 2.3.4) . In contrast to most standards used in the EU nowadays, this allows one to correct for differences between soil types since the SPT models do account for such differences.
Derivation of SPT transfer models
SPT transfer models for PTEs were derived using non-linear equations according to de Vries et al. (2007) , Kalis et al. (2007) , and Krauss et al. (2002) :
where:
[PTE] soil total concentration of the PTE in soil measured in mg kg − 1 d.w.; k sp transfer constant from soil to plant in mg kg 1 − n ; n coefficient describing the non-linear relationship k sp depends on soil properties (Römkens et al., 2009a (Römkens et al., , 2009b as described next:
log[soil_properties] log 10 values of soil properties (except pH). Soil properties tested were: pH, log (OrgC), log (Al ox ) and log (Fe ox ), log (clay).
Using log 10 transformation Eq. (1) can therefore be presented as:
Coefficients of Eq.
(3) were determined by multiple linear regression analysis.
We also used regression analysis to derive SPT functions in which the log-concentration of a PTE in plants is a function of its respective log-available concentration (given by 0.01 M CaCl 2 extraction) in soils (Römkens et al., 2009a ). This solution model is given by:
2.3.2. Calculation of daily intake (DI), animal organs' concentrations and acceptable daily intake (ADI) of PTEs for animals The intake of PTEs by animals relates both to feed consumption and soil ingestion (Smith et al., 2009 ). According to Smith et al. (2009) , the DI of PTEs by animals can be calculated by:
DI animal daily intake of a PTE for grazing animals (cow and sheep) in mg d − 1 [PTE] feed , [PTE] soil concentration of the PTE in feed and soil, respectively, in mg kg − 1 d.w. I feed , I soil daily intake of feed and soil, respectively, by grazing animals (cow and sheep) in kg d − 1 d.w. (Table 1) Calculation of DI animal in this study was based on the following assumptions:
-Measured concentrations of PTEs in feed crops were used; -The calculations were performed on a field-by-field basis assuming that animals graze at the field all the time and always at the same sites.
The concentration of PTEs in animal organs was given by (de Vries et al., 2007) :
[PTE] animal_organ concentration of the PTE in an animal organ (kidney, liver or muscle), in mg kg − 1 f.w.
BAF feed-animal bioaccumulation factor which corresponds to the concentration of a PTE in an animal organ divided by the concentration in feed ((mg kg − 1 in animal organ f.w.)/(mg kg − 1 in feed d.w.)) ( Table 2) .
Eq. (6) is based on the following assumptions:
• A linear relationship between the concentration of PTEs in feed and the respective element concentration in animal organs as represented by BAF feed-animal . • The transfer coefficient of PTEs from soil to animal organ is equal to the BAF feed-animal ; • The PTE intake by air and water is negligible compared to that of soil and feed (de Vries et al., 2007) .
A combination of Eqs. (5) and (6) was used to calculate the acceptable daily intake (ADI) for animals in view of food safety and animal health criteria for animal organs:
ADI animals acceptable daily intake of each PTE for animals, in mg d − 1 [PTE] limit_animal_organ limit concentration of the PTE in an animal organ (kidney, liver or muscle) in mg kg − 1 f.w.
The ADI reflects the maximum daily intake of a given PTE so that the concentration of that element in animal organs (kidney, liver or muscle) does not surpass the organ limit concentrations given by food safety and animal health criteria given in Table 2 .
Calculation of DI of PTEs for humans due to soil ingestion and dietary intakes of vegetables and animal products
Human intake of PTEs in this study consists of intake by (i) food crops (leaf vegetables); (ii) soil ingestion; and (iii) animal organs including kidney, liver and muscle/meat. These three pathways are shown in Fig. 2 (i) as a, b and c, respectively. Obviously other sources of contaminants need to be considered in a full exposure assessment but in this study we focused on the contribution of arable products to the intake by humans.
The DI of PTEs for humans was calculated for four toxic elements (As, Cd, Hg and Pb) since values for tolerable intakes were available from literature for these elements (EC, 2004) . The human DI was calculated according to the following equation: where:
DI humans daily intake of a PTE for humans in mg d − 1 [PTE] leaf_vegetables concentration of a PTE in leaf vegetables, in mg kg − 1 f.w. I soil_humans , I leaf_vegetables and I animal_organ Human daily intake of soil, leaf vegetables and animal organs (kidney, liver and muscle/ meat), respectively, by humans in kg d − 1 f.w. (Table 1) Calculation of DI humans was based on the following assumptions:
-PTE concentration in leaf vegetables was given by measured concentrations in B. oleracea samples; -PTE concentration in animal organs was given by Eq. (6); -The calculations were performed on a field-by-field basis assuming that all vegetable and animal products originate from a single field with corresponding soil characteristics and PTE levels. Since limits for human tolerable intakes for inorganic contaminants available from literature are given on a weekly basis and per kilogram of body weight (Provisional Tolerable Weekly Intake, PTWI) we have multiplied calculated DIs by seven to obtain the respective weekly intakes and assumed a body weight of 70 kg (adult).
Calculation of soil threshold concentrations of PTEs in soils using soil to plant transfer (SPT) functions
Soil threshold concentrations can be back-calculated from green fodder limits in Table 2 , using Eq. (3) (Brus et al., 2005; de Vries et al., 2007) , as following:
As illustrated in Fig. 2(ii) , limit concentrations in food crops (limit values in leaf vegetables regarding food safety, Table 1) as well as limit concentration in feed crops (limit values in green fodder regarding animal health, Table 1 ) can be used to calculate soil threshold concentrations.
Similarly, threshold concentrations of PTEs in soils can be back-calculated from ADIs for grazing animals (Fig. 2(ii) ). These soil threshold concentrations are the maximum values at which the concentrations of contaminants in animal organs (kidney, liver and muscle/meat) will not surpass food safety and/or animal health criteria (de Vries et al., 2007) and were calculated iteratively from a combination of Eq. (1) and Eq. (5) as following:
where k sp and n values for each element were given by SPT transfer models.
3. Results and discussion
Characterization of soil and plant samples
Soils included in this study are representative for the majority of Portuguese soils and tend to be acidic to neutral (pH 3.1-7.0; median: 5.1), with low to medium OrgC concentrations (1.1-5.3%; median: 2.5%) and with clay percentages varying between 7 and 21% (median: 9.0%). The concentrations of amorphous Al and Fe oxides in these samples were highly variable and range from 7.9 to 240 mmol kg − 1 for Al and from 11 to 183 mmol kg − 1 for Fe.
A summary of the total and available concentrations of PTEs in soils is listed in Table 3 . Elevated total levels of As, Hg, Zn, Cu, Pb, Cd and Ba were observed in soils from the industrial and mining sites, when compared to Portuguese non-contaminated soils (Inacio et al., 2008) . Maximum total Hg levels reached 98 mg kg − 1 while maximum As, Cu and Pb concentrations were as high as 2189, 7635 and 11546 mg kg − 1 , respectively (Table 3) . Such levels are an indication of severe soil contamination and hence may lead to a considerable exposure to animals and/or human beings through intake of soil and food. The concentrations of PTEs in plant tissues from this dataset are also shown in Table 3 . Maximum concentrations of Hg (5.4 mg kg − 1 ), Cd (5.0 mg kg − 1 ), Pb (554 mg kg − 1 ), As (56 mg kg − 1 ), Cu (56 mg kg − 1 ), Ni (48 mg kg − 1 ) Table 4 Derived SPT functions for the different crops analyzed.
PTEs
Linear regression coefficients (Eq. (7) and Cr (110 mg kg − 1 ) observed in L. perenne samples were comparable to those obtained for forage samples from highly contaminated areas (Kabata-Pendias, 2001; Miranda et al., 2009; Reis et al., 2009) . Concentrations in feed, particularly in L. perenne were generally higher than those in B. oleracea, with the exception of B, Se and Mo that reached levels of 58, 1.3, and 7.3 mg kg − 1 , respectively in the food crop. The ability of certain Brassica species to extract B from soils was also reported by other authors although the values of B, Se and Mo here observed can be considered tolerable in agronomic crops (Kabata-Pendias, 2001 ). Concentration of PTEs in plant shoots was compared with limit levels in leaf vegetables and green fodder according to current EU legislation, given in Table 2 . The concentrations of Cd, Pb and Hg in B. oleracea samples remained below food safety limits. In contrast, levels of Hg, Pb, As, Cu, Cd and Zn in feed products from industrial and mining sites largely exceeded the EU limits in green fodder which suggests a potential risk in view of animal health or product quality.
Derivation of SPT functions
Results of multiple regression analysis for derivation of SPT as a function of both available soil pools and total pools and soil properties for the PTEs for which significant relationships could be derived are shown in Table 4 . Both empirical SPT models using the total element concentrations and soil properties as well as the CaCl 2 soil test were able to explain between 50 and 72% of the variability in levels of Hg, Cd, Zn, Cu, Pb, As, Co and Sb in L. perenne crops and between 48 and 95% of the levels of Hg, Cd, Zn, Cu, Pb, As, Co, Ba and Sb in L. multiflorum. The lowest r 2 values were observed for B. oleracea (r 2 : 0.17-0.68). With the exception of Co and Sb, the relationships derived for B. oleracea did not allow the estimation of PTE plant concentrations from soil values.
Animal exposure to PTEs in soil and feed
The DIs of PTEs for both cow and sheep are given in Table 5 . These values were compared with minimal animal ADI values shown in Table 2 .
Arsenic
Total DI of As for cows and sheep was up to 1408 and 253 mg d − 1 , respectively ( Table 5 ). The median contribution of soil ingestion to the total intake was 50 and 62% for cow and sheep respectively. The cow ADI for As regarding food safety (500 mg d − 1 ) was exceeded at 10 sites from a total of 82 studied sites (5 at the industrial area and 5 at the mining areas) while the ADI for sheep (182 mg d − 1 ) was exceeded at 3 sites. The consumption of offal from animal grazing at those sites should therefore be avoided.
Cadmium
Values of total Cd DI were in the range of 0.2-85 mg d − 1 for cows and 0.03-13 mg d − 1 for sheep. The majority of Cd intake by animals is associated with grass ingestion (median contribution for total intake was 96 and 93% for cows and sheep, respectively). In all, 32 sites (from the 89 sites studied) were associated with cow DIN 5.8 mg d − 1 (ADI for cows in view of offal consumption by humans). The majority (23) of these sites were located at the industrial area. For sheep, 25 industrial and 16 mining sites also showed estimates of DI which surpassed the ADI for food safety. The human consumption of offal from cattle grazing at these areas should be avoided.
Copper
Estimates of total Cu DI for cows varied between 65 and 1133 mg d − 1 in the 89 site studies and were above ADI in view of animal health protection at 32 of these sites (22 of these sites were located in mining areas). This intake was primarily associated with grass ingestion (median Cu intake through grass was 81%). Total DI for cows also exceeded food safety ADI (618 mg d − 1 ) in 9 mining sites. No ADI values for sheep were found in literature.
Lead
Total DI of Pb was in the range 9.0-10496 and 1.7-1685 mg d − 1 for cows and sheep, respectively. The ADI of 101 mg d − 1 (for cows, in view of food safety) was surpassed in 31 sampling sites while the ADI for sheep (60 mg d − 1 ) was exceeded in 21 sites (in a total of 89 sites studied). Sites where Pb ADIs were exceeded were primarily located at the mining areas (all Caveira sites exhibited DI N ADI for both cows and sheep). Fields from Caveira were therefore found not adequate for animal grazing given potential risks for both human and animal health associated with Pb intake. Similarly to As the median contribution of soil ingestion to the total intake of Pb was over 50% (52 and 64% for cow and sheep, respectively).
Mercury
Values of total DI of Hg were in the range 0.18-132 mg d − 1 for cows and 0.08-23 mg d − 1 for sheep in a total of 80 sites studied. The Hg intake was for most cases associated with grass (median contribution of grass ingestion to the total intake was 81 and 72% for cow and sheep, respectively). In all, 27 sites were found unsuitable for both cows and sheep grazing due to exceedance of Hg ADI in view of food safety (1.4 mg d − 1 for cows and 0.28 mg d − 1 for sheep). These sites were located at the industrial area (13 sites) and at the Caveira mining area (14 sites). The consumption of offal from animals grazing in these areas should therefore be avoided. Note: Values of ADI animal were given in Table 2. 3.3.6. Other PTEs Grass was the main intake pathway of Zn, Cr, Ba, Se, Mo and B for cows and sheep (median contribution from grass ingestion was over 80%) while in the case of Sb, Co and U soil ingestion is associated with most of the intake, particularly for sheep (median intake through soil ingestion is over 50%). In the case of Zn the ADI for cows in view of food safety (5193 mg d − 1 ) was surpassed in only one site from the industrial area while for sheep a total of 60 sites were associated with DIN ADI (150 mg d − 1 ). These included all industrial sites and the majority of samples from the mining areas. Given the disparity in results for cows and sheep the intake levels at which Zn may affect animal organs need to be further analyzed. No animal ADI values were obtained for the remaining PTEs.
Human exposure to PTEs through diet
Estimated weekly intake of As, Cd, Hg and Pb for humans through diet are given in Fig. 3(i) .
Arsenic
For As, the estimated weekly intake at the various study sites varied between 0.01 and 3.5 mg w − 1 (mean = 0.20 mg w − 1 ; median= 0.06 mg w − 1 ) ( Fig. 3(i) ). A PTWI has been established for As in drinking water in the form of inorganic arsenic but not for foodstuffs (EC, 2004) . The median contribution of soil ingestion to As total intake equaled 37%, followed by consumption of offal (34%) and meat (25%). The removal of offal from the food chain has been recommended as an option to reduce human dietary contaminants intake from animal origin (Prankel et al., 2005) . The removal of offal from diet would allow an average reduction of 32% in As weekly intake at our study sites ( Fig. 3(ii) ).
Cadmium
For Cd, the estimated weekly intake at the various sites varied between 0.01 and 1.0 mg w − 1 (mean = 0.09 mg w − 1 ; median =0.05 mg w − 1 ) ( Fig. 3(i) ). A PTWI of 0.49 mg w − 1 for a person weighing 70 kg has been recommended for Cd by the WHO (EC, 2004) . According to our estimates the PTWI is exceeded in only 3 of the sites (Fig. 3(i) ). The major intake of Cd is from consumption of offal which equals 76% of the Cd dietary intake (median value). By removing offal from diet, the weekly intake of Cd remains well below the PTWI at all sites ( Fig. 3(ii) ).
Mercury
For Hg, the estimated weekly intake at the various study sites varied between 0.0004 and 0.4 mg w − 1 (mean = 0.02 mg w − 1 ; median =0.003 mg w − 1 ). A PTWI of 0.35 mg w − 1 has been recommended for Hg (EC, 2004) which was exceeded at 2 sites ( Fig. 3(i) ). The removal of offal from diet allows for an average reduction of 83% of Hg dietary intake ( Fig. 3(ii) ) which again would result in exposure levels well below the PTWI for Hg.
Lead
Estimated weekly intake of Pb varied between 0.01 and 6.5 mg w − 1 (mean = 0.3 mg w − 1 ; median= 0.06 mg w − 1 ). The PTWI for Pb of 1.75 mg w − 1 was exceeded at most sites from Caveira area (identified as (d) in Fig. 3(i) ). On average, soil ingestion contributes for 40% of Pb intake while offal consumption contributes for 52%. After removal of offal from diet there were still 2 Caveira sites at which the PTWI was exceeded due to high Pb levels in soil ( Fig. 3(ii) ).
3.5. The use of soil-plant-animal transfer models to improve soil protection guidelines Soil threshold concentrations of Cd, Hg, Pb, As, Cu and Zn (both total and available concentrations) back-calculated from green fodder limits and ADI animal values are shown in Table 6 . Soil threshold concentrations currently in use at Portugal, UK, the Netherlands and Flanders were also included for comparison. Fig. 3 . Calculated weekly intakes of Cd, As, Pb and Hg on the basis of measured data on soils and Brassica oleracea and estimated values in animal products, including offal (i) and excluding offal (ii) from calculations. Sampling sites include the areas of Esposende (a), Estarreja (b), Lousal (c), Caveira (d) and Aljustrel (e) in Portugal.
From Table 6 it is clear that for elements such as Cd, Zn, Cu and Pb the characteristics of soil significantly affect the soil level at which the contaminant will exceed limit levels in crops and may pose risks in terms of food safety and animal health. For example with a variation in pH from 4 to 6, the soil's total Cd concentration at which levels in green fodder exceed the EC quality standards vary from 2.1 to 4.8 mg kg − 1 . This shows that the inclusion of SPT functions in the calculations of soil threshold concentrations allows one to account for the lower availability of Cd to plants at higher pH values. For Cd, Cu and Zn both soil pH and OrgC % affect the green fodder levels of the contaminants while for Pb it is important to consider Al ox when evaluating risks associated to the transfer of this element into the food chain.
With the exception of Cu, soil threshold concentrations in view of animal health criteria exceed those based on food safety criteria. This means that thresholds based on the protection of human health implicitly also protect animal health. For Cu, the limit concentration in cow kidney in view of animal health found in literature was more stringent than the limit concentration defined for food safety (Table 2) which explains why calculated Cu soil threshold concentrations in view of animal health ranged from 115 to 237 mg kg − 1 d.w. but were 437-703 mg kg − 1 d.w. regarding food safety.
Soil threshold concentrations for Cd, Pb, Hg, As, Cu and Zn are in line with those already in use in Portugal for agricultural soils amended with sewage sludge and are comparable to thresholds from other countries. This suggests that the approach applied here can form a conceptual basis for a strategy for risk assessment regarding the protection of grazing animals and human health. The main advantage of such approach is that it takes into account the availability of the contaminants in soils which increases the accuracy of the assessment of risks of contaminated soils to cattle and humans. This approach must be calibrated or validated on a regional basis using information from soil quality monitoring programs and must applied only within the boundaries of its calibration.
Conclusions
In the present study a chain model approach was tested to assess the transfer of PTEs from soils to feed and food crops and from crops to grazing livestock (cow and sheep) and finally for humans. Although some of the sites included in the study are heavily affected by industrial and mining activities they are nevertheless actually being used for arable crop production and/or cattle grazing. The results included in this study can be used as a rather robust way to identify those fields which in fact should not be used for raising cattle or for the production of food and fodder products. The model also allows one to identify the major sources of exposure for different PTEs. For animals, for example, the ingestion of grass was the most relevant pathway for the intake of Cd, Zn, Cr, Se, Mo, B, Ni, Ba, Cu and Hg while for Pb, Co, As, U and Sb the direct ingestion of soils accounts for around half of the element intake. The analysis of the pathways for human exposure of the toxic elements Cd, Pb, Hg and As showed that the removal of animal (cow) liver and kidney from the food chain is an option to substantially reduce human dietary intake for Cd and Hg at the industrial and Caveira mining area. For As and Pb the contribution of offal to human exposure is smaller compared to Cd and Hg and exposure due to intake of As and Pb from soil therefore remains relatively high at these areas.
This study showed that the CaCl 2 extraction (a fast and simple soil analysis) can be used to determine whether or not a crop can be grown at a specific site by back-calculating soil threshold concentrations from EC feed/food crop quality standards which can be particularly useful at the local scale. Since soil quality monitoring programs often do not include data on the available pools of PTEs in soils, information on total element concentrations and key soil properties can be used as an alternative to derive regional soil threshold concentrations. This study showed that SPT models allow one to account for availability of contaminants in soils in the derivation of such thresholds. These models should be used within the bounds of their calibration, and should be calibrated or validated using local soil conditions on a regional basis. Soil threshold concentrations for As, Cd, Cu, Pb, Hg and Zn thus derived appear to be in line with those proposed in various EU countries.
